Long-lived heterogeneities in the mantle are indicated by Nd-Sr-Pb isotopic systematics. Explanations for these variations have invoked either distinct layers in the earth that are preferentially tapped by some source regions (such as plumes rising from the base of the mantle) or small-scale heterogeneities which are ubiquitously distributed through the mantle and tapped differentially in various source regions. Consideration of the thermal and mechanical aspects of the latter hypothesis provides an explanation for the differences between mid-oceanic ridge basalts and off-axis volcanism. The melting behavior in a region with heterogeneities is modified by lateral conduction of heat, so that the first melted regions are tapped preferentially at off-axis volcanoes where small degrees of melting occur. A small (less than a few kilometers), easily melted heterogeneity draws heat from its surroundings as it melts during ascent. An increase of melting by a factor of 2 over adiabatic ascent is probable in the most easily melted regions if the melted and unmelted regions have comparable volume. The increase is larger in the earliest stages if melting is confined to small isolated heterogeneities. The depleted isotopic ratios of mid-oceanic ridge basalts can be explained as follows. Heterogeneities with enriched components melt before those with depleted components as material ascends beneath the ridge. Then the enriched melts are removed from the source region before mid-oceanic ridge basalts are tapped. The first enriched components to melt enter fractures that carry them upward and outward away from the source region of basalts at the ridge axis. This occurs because the direction of shear strain in the upwelling is such that the axis of tension plunges at 45 ø away from the ridge axis and dikes of melt propagate up perpendicular to the axis of tension. In contrast with the ridge, volcanoes away from the ridge axis preferentially tap the earlier melted components. At the greater source depths of these volcanoes only non-mid-oceanic ridge basalt (MORB) components are significantly molten. Another enriched off-axis source region is the layer formed by the first enriched magma which moved laterally and avoided the source region of basalts at the ridge axis. For small-scale ubiquitous heterogeneities to explain the differences between mid-oceanic ridge basalts and off-axis volcanism, the MORB component must produce a greater volume of melt than the other components. If isotopic mass balances preclude the MORB component from being this abundant in the whole mantle, then the lower mantle is probably a separate reservoir from the upper mantle. In that case, it is conceivable that passive ubiquitously distributed blobs derived from the lower mantle at earlier times act as small-scale heterogeneities. Both this blob model and the small-scale heterogeneity model are possible alternatives to active mantle plumes.
INTRODUCTION
The heterogeneity of the earth's mantle is indicated by variations in the ratios of radiogenic isotopes in recent basaltic lavas. At least three end-member components are necessary to explain the isotopic systematics [Zindler et al., 1982] . One component is associated with mid-oceanic ridge lavas and appears to be depleted in volatiles and other incompatible elements. Nd-Sm systematics indicate that mid-oceanic ridge basalts are too depleted to be representative of the average of the whole mantle [e.g., Jacobsen and Wasserburg, 1979; Zindler et al., 1982] . Two more easily melted components are associated with off-axis volcanism. One may be primordial mantle, and the other may be the previously subducted altered oceanic crust. Although the isotopes clearly demonstrate the presence of heterogeneities, they are little help in determining the geometry of the heterogeneities. Thus numerous models for the origin of mantle heterogeneities have been proposed although they generally fall into two types.
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In the first type of model the isotopic regions are distinct layers within the earth (Figure 1 ). The layers may be considered to date from the formation of the earth or to be formed continually through the earth's history. "Hot spot" or "plume" magmas arise from material which has ascended from great depths, perhaps the lower mantle or the core-mantle boundary. The plumes tap both undepleted or primordial mantle and, in some models, volatile enriched zones associated with subducted oceanic crust. Mid-oceanic ridge lavas are associated with material from the upper mantle, which is depleted in the elements which formed the continents.
An alternative to a stratified earth model is the possibility that the heterogeneities are small and ubiquitously distributed throughout the mantle [Davies, 1981; Zindler et al., 1982] (Figure 2 ). The differences between mid-oceanic ridge basalts and hot spot basalts are attributed to preferential tapping of some heterogeneities with respect to the average mantle during the melting process. At the smaller fractions of melting associated with hot spot basalts, the fraction of melting is much higher in the volatile-rich regions associated with the plume component. The hot spot basalts thus tap a biased sample of the mantle. At the larger percentage of melting associated with mid-oceanic ridge basalts, the fraction of melting does not vary as greatly with volatile con- The presence of ubiquitous heterogeneities in the mantle is a logical consequence of plate tectonics throughout the history of the earth. The oceanic lithosphere is composed of oceanic crust, depleted residuum, and less depleted mantle at greater depths. Hydrothermally altered oceanic crust along with some sediment is probably subducted and later is recycled into mantle-derived magmas [Cohen and O'Nions, 1982; White and Holmann, 1982 ; Holmann and . The residuum from forming island arc volcanics, and ultimately continents, probably is also returned to the mantle. The initial size of these heterogeneities is small compared with the size of the convection pattern in the mantle. Xenon isotopic variations in mid-oceanic ridge basalts indicate that both degassed and undegassed heterogeneities have persisted from early in the earth's history [Staudacher and Allkgre, 1982 Richter et al., 1982] . Another difficulty is that very large density contrasts between small heterogeneities and the "normal" mantle are required for the heterogeneities to separate into layers. For example, the relative rate of movement of a region with respect to its surroundings is by Stokes' law proportional to the density contrast and proportional to the square of the diameter of the region. That is, for a 10-km region to separate from the 100-km-thick downgoing slab, the density contrast between the 10-km region and the slab would have to be 100 times the density contrast of the slab with its surroundings.
The physics of melting and the segregation of melt from a heterogeneous source region have not been examined in detail. It is known that the tendency of melt to segregate from a mostly crystalline mush is strongly dependent on the fraction of melt present [Frank, 1968; Sleep, 1974 In this paper, the thermal aspects of melting in a heterogeneous source region and the pattern of the flow of magma from the source region at mid-oceanic ridges are examined. It is found that the more volatile-rich heterogeneities are preferentially tapped by off-axis volcanism and that midoceanic ridge lavas should tap material which is more depleted than the average upper mantle. The assumptions of the analytical solution are most applicable at the great depth where the initial melting of enriched heterogeneities occurs (Figure 12 ). When these heterogeneities segregate melt, the dikes would propagate away from the ridge axis and thus escape eruption at the ridge axis. The remaining material would be depleted relative to average mantle and form mid-oceanic ridge basalts when further extensive melting occurs at higher levels. For this mechanism to effect significantly the chemistry of the source region at ridges, the upwelling mantle must be able to fracture brittly, and the fractures must propagate far enough to carry the first melt out of the central region of upwelling but not all the way to the surface (where enriched lavas are not usually observed). The first problem can be answered with some confidence because syntectonic (brittle) dikes, cracks, and veins are common in rocks which have undergone ductile deformation. The most relevant rock bodies for the present purpose are deformed dunite, pyroxenite, and gabbro dikes in the (mantle) harzburgite tectonite of the Oman ophiolite [Boudier and Coleman, 1981] . These bodies cut the harzburgite while it was flowing beneath a ridge axis but probably at a somewhat shallower level than the trajectories shown in the figure. The propagation distance of dikes is more difficult to predict, as it depends more on the volume in the initial melt body and on the details of rheology. The observations of Boudier and Coleman [1981] indicate that at least some material in dikes does not reach the surface at ridges and that the dikes move at least some distance from their source.
Three factors make the directions of stresses at shallower depths where ridge basalts form different from the directions predicted by the analytical model. First, the horizontal velocity of the surface plate does not attain the spreading velocity exactly at the ridge axis (mathematically, this causes the boundary condition to depend on r and thus not be self-similar). Second, the flow field near the surface is modified by the large volumes of melt which segregate and flow to the surface. Third, the viscosity of the material under the ridge axis is not constant with position. In particular, the lithosphere may retard the escape of off-axis magma. The first of these effects is most easily visualized and considered below in more detail.
Consider first a fast-spreading ridge with a significant axial magma chamber (Figure 13 ). For the flow in the more viscous underlying mantle, the magma chamber acts as a freely slipping boundary. The principle axis of tension is thus horizontal beneath the boundary and the direction of dike propagation vertical. At a moderate depth beneath the chamber, horizontal shear stress results from the faster moving material at depth dragging the shallower material beneath the magma chamber. This sense of shear has been inferred from the Oman ophiolite [Boudier and Coleman, 1981] . The direction of dike propagation is thus somewhat outward from the ridge axis.
For a slow-spreading ridge, no significant magma chamber is present (Figure 14) . Significant amounts of earlier formed melt move away from the axis and miss the crustal magma chamber as they ascend. Slightly off-axial magma at a slow ridge thus should be expected to show lower degrees of partial melting and a somewhat greater source depth than axial magma. This trend is well exhibited in the FAMOUS area on the Mid-Atlantic Ridge for the basalt samples which Langmuir et al. [1977] used to infer that melt segregates as it forms. The chemical variations occur over a few kilometers across the axial zone and are not accompanied by Nd and Sr isotopic variations [White, 1979] .
A complication that makes quantification of the above effect difficult is that the region where the lateral velocity increases to the spreading rate is controlled by the width of The small ubiquitous heterogeneity model may reduce or obviate the need for mantle plumes which ascend from some layer in the mantle, as recently noted by Davies [1981] , Zindler et al. [1982] , and Richardson et al. [1982] . Geophysical alternatives to mantle plumes usually consider that hot spot volcanic chains are associated with cracks in the mantle rather than plumes [Sleep, 1974; Turcotte and Oxburgh, 1973, 1976; Solomon and Sleep, 1974] . These alternatives have been difficult to test because the intraplate stress which is believed to cause the cracks is as poorly determined as the flow pattern in the mantle believed to cause the plumes themselves. The stress hypothesis may be somewhat more testable because the stresses within the plates can be directly measured [Zoback and Zoback, 1980] while the flow in the deep mantle cannot.
The main argument for stress-induced cracks rather than plumes is thus circumstantial. Although plumes are an excellent geometrical explanation for well-defined hot spots, such as Hawaii, some hot spots are actually "hot lines", which is what would be expected from cracks [Bonatti et al., 1977; Pilger, 1982] . Extensive replacement of the lower lithosphere by asthenosphere is associated with mid-plate hot spots [Crough, 1978 ; I/on Herzen et al., 1982] . This replacement implies failure of at least the lower lithosphere and hence is compatible with cracks as well as plumes. Small near-axis seamounts appear to be controlled by cracks associated with fracture zones [Batiza and Vanko, 1983] Another argument is that off-axis volcanism is widely distributed in the oceanic plates and the small centers of volcanism are not distinctive from the larger centers attributed to hot spots [Fujita and Sleep, 1978; Batiza, 1982; Vanko, 1983, 1984] . All off-axis volcanism is seldom attributed to plumes because a very large number of mantle plumes of varying size and composition (including some indistinguishable from mid-ocean ridge basalt) are required. That is, if a continuum exists between Hawaiian-type hot spots and minor off-axis volcanoes, then it is reasonable to attribute both to the same mechanism: cracks.
The application of the model for melt segregation to petrology contains little new except for a plausible explanation for the depletion of the ridge volcanics. This depletion comes both from biased tapping of late melting regions, which were depleted much earlier in the earth's history, and from the loss of the first melt from much of the source region beneath the ridge. The second effect would cause mid-oceanic ridge basalts to be more depleted in highly incompatible elements, which are used up by the first melt, than moderately incompatible elements, as is observed [Holmann, 1983] . The gross features of the model do not depend on petrological details but only that small-scale heterogeneities exist and that the melting behavior of the heterogeneities correlates with isotopic composition. In particular, the general features of melting behavior and melt migration do not depend on the precise depth of the generation of the basaltic magma at mid-oceanic ridges.
Local [Olson, 1983] has not yet been developed to the point where it is possible to predict the distribution of plumes.) The regional isotopic anomalies appear to be the most difficult feature to explain by ubiquitous mantle heterogeneities.
Regional isotopic variations are not unexpected in ubiquitous small-scale heterogeneities as factors which may effect the tapping of melt including the spreading rate, the obliquity of the ridge, the presence of leakly transform faults and bifurcations, and the intraplate stress field (which controls cracks) all vary regionally along a ridge axis. A quantitative theory for these mechanisms may be as difficult to formulate as one for plume ascent, but empirical relationships among these features (which except for stress are easily observed), isotopic and chemical variations, and crustal thicknesses (which give the total amount of magma tapped) can be appraised. The absence of such correlations would be reason for invoking a separate blob or plume source. A strong empirical relationship would be evidence that the regional isotopic trends are the result of systematic variations in the tapping of magma from ubiquitously small-scale heterogeneities in the mantle.
Off-axis volcanism. Near-axis seamounts tap depths in the mantle similar to ridges and hence erupt magmas similar to mid-oceanic ridge basalts [Batiza, 1982 (Figure 3) . In particular, the thermal and mechanical arguments on the tapping of melt from small-scale heterogeneities apply whether the heterogeneities originated as blobs or by the whole mantle convection and plate tectonics. The evidence for mechanical plumes, therefore, must be appraised separately from mass balance evidence that distinguishes both plumes and blobs from mantle-wide ubiquitous heterogeneities.
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